Flexibility of chloroplast thylakoid membrane proteins is essential for plant fitness and survival under fluctuating light environments. Phosphorylation of light-harvesting antenna complex II (LHCII) is known to induce dynamic protein reorganization that fine-tunes the rate of energy conversion in each photosystem. However, molecular details of how LHCII phosphorylation causes light energy redistribution throughout thylakoid membranes still remain unclear. By using fluorescence correlation spectroscopy, we here determined the LHCII phosphorylation-dependent protein diffusion in thylakoid membranes isolated from the green alga Chlamydomonas reinhardtii. As compared to the LHCII dephosphorylation-induced condition, the diffusion coefficient of LHCII increased nearly twofold under the LHCII phosphorylation-induced condition. We also verified the results by using the LHCII phosphorylation-deficient mutant. Our observation suggests that LHCII phosphorylation-dependent protein reorganization occurs along with the changes in the rate of protein diffusion, which would have an important role in mediating light energy redistribution throughout thylakoid membranes. U nder natural fluctuations in light environments, green plants and algae fine-tune the light-harvesting system in chloroplast thylakoid membranes to maintain the optimal conditions of photosystems 1 . When light absorption in photosystem II (PSII) exceeds that in photosystem I (PSI), the intersystem electron carrier plastoquinone, turns to the reduced state. The accumulation of the reduced plastoquinone induces the phosphorylation of light-harvesting antenna complex II (LHCII) 2 , which consequently leads to the decline of light absorption in PSII 3 . Without LHCII phosphorylation in the mutant lacking the Stt7 kinase, PSII excitation remains constantly higher than PSI, resulting in the energy imbalance between the two photosystems 4 . LHCII phosphorylation is thus essential for light energy redistribution between the two photosystems, or state transitions 5, 6 . It has long been proposed that LHCII phosphorylation causes dynamic protein reorganization that involves both PSI and PSII 7 . Biochemical studies have revealed that LHCII phosphorylation promotes the dissociation of LHCII from PSII 8 and also the association of LHCII with PSI 9 . The capability of LHCII association with the two photosystems has been directly observed by single particle electron microscopy 10, 11 . Moreover, several lines of evidence have suggested that the phosphorylation induces the migration of LHCII between two different regions of thylakoid membranes-from the stacked grana to the unstacked stroma lamellae, where PSII and PSI predominantly exist, respectively [12] [13] [14] [15] . Despite the significance of LHCII migration in state transitions, the molecular details of how LHCII phosphorylation affects the protein diffusion in thylakoid membranes have remained unknown. Since the localization and dynamics of LHCII have important roles in the signal transduction involved with its phosphorylation 16 , the investigation of LHCII diffusivity is essential to reveal the spatiotemporal information of LHCII migration in thylakoid membranes.
U nder natural fluctuations in light environments, green plants and algae fine-tune the light-harvesting system in chloroplast thylakoid membranes to maintain the optimal conditions of photosystems 1 . When light absorption in photosystem II (PSII) exceeds that in photosystem I (PSI), the intersystem electron carrier plastoquinone, turns to the reduced state. The accumulation of the reduced plastoquinone induces the phosphorylation of light-harvesting antenna complex II (LHCII) 2 , which consequently leads to the decline of light absorption in PSII 3 . Without LHCII phosphorylation in the mutant lacking the Stt7 kinase, PSII excitation remains constantly higher than PSI, resulting in the energy imbalance between the two photosystems 4 . LHCII phosphorylation is thus essential for light energy redistribution between the two photosystems, or state transitions 5, 6 . It has long been proposed that LHCII phosphorylation causes dynamic protein reorganization that involves both PSI and PSII 7 . Biochemical studies have revealed that LHCII phosphorylation promotes the dissociation of LHCII from PSII 8 and also the association of LHCII with PSI 9 . The capability of LHCII association with the two photosystems has been directly observed by single particle electron microscopy 10, 11 . Moreover, several lines of evidence have suggested that the phosphorylation induces the migration of LHCII between two different regions of thylakoid membranes-from the stacked grana to the unstacked stroma lamellae, where PSII and PSI predominantly exist, respectively [12] [13] [14] [15] . Despite the significance of LHCII migration in state transitions, the molecular details of how LHCII phosphorylation affects the protein diffusion in thylakoid membranes have remained unknown. Since the localization and dynamics of LHCII have important roles in the signal transduction involved with its phosphorylation 16 , the investigation of LHCII diffusivity is essential to reveal the spatiotemporal information of LHCII migration in thylakoid membranes.
To determine LHCII phosphorylation-dependent protein diffusion, we here used fluorescence correlation spectroscopy (FCS). FCS has been widely used since its first measurement with a confocal microscopy setup 17 .
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FCS defines a tiny diffraction-limited detection volume (,0.1 fL) by a focused laser and a confocal pinhole and then detects the temporal fluctuation of fluorescence intensity as fluorescent proteins move into and out of the fixed detection volume. By fitting theoretical models to the autocorrelation of the observed fluorescence fluctuations, the diffusion coefficients can be calculated 18 . Although FCS cannot detect immobile or very slowly mobile proteins, it can determine relatively fast protein movements on a scale of microseconds (,300 mm 2 s
21
) [19] [20] [21] . Since FCS has not been used to study the diffusion of chlorophyll-binding proteins (CBPs), we first confirmed the applicability of FCS by measuring the purified LHCII, the most abundant CBP in thylakoid membranes. Then, we determined the CBP diffusion in the unstacked thylakoid membrane that was purified from Chlamydomonas reinhardtii. We investigated the influence of LHCII phosphorylation to the CBP diffusion by manipulating the redox state of plastoquinone and also by using the LHCII phosphorylation-deficient mutant, stt7. Our FCS analysis provided the evidence for a variety of protein diffusion occurring in thylakoid membranes, which is regulated by LHCII phosphorylation-dependent processes.
Results
FCS measurements of purified LHCII.
As the standard control for diffusion analysis in this work, a fluorescent cyanine dye, Cy5, in aqueous buffer was analyzed by FCS. The typical time-course of Cy5 fluorescence is shown (Fig. 1a) . The diffusion coefficient of Cy5 has been extensively studied and thus known to be ,280 mm 2 s
21
( Fig. 1c; refs. 22, 23) . Using the same experimental condition, we next measured chlorophyll (Chl) fluorescence of purified LHCII in aqueous buffer. LHCII was purified from C. reinhardtii by means of sucrose density gradient centrifugation. The typical time-course of Chl fluorescence fluctuations of the purified LHCII is shown (Fig. 1b) . If observed fluorescence fluctuations were not originated from diffusion but noise, the fluorescence autocorrelation functions (FAFs) cannot be obtained 24 . In our FCS measurements, we could obtain the Chl FAFs from the observed fluorescence fluctuations that were originated from the LHCII diffusion in aqueous buffer (Fig. 1d) Induction of state transitions and isolation of unstacked thylakoid membranes. To simply and directly examine the lateral CBP diffusion, we isolated thylakoid membranes from C. reinhardtii. Also, to investigate the relationship between state transitions and changes in the CBP diffusion, we treated cells with 3-(3,4-dichlorophenyl)-1, 1-dimethylurea (DCMU) or carbonyl cyanide m-chlorophenyl hydrazone (CCCP), both of which are well-documented substances to induce the oxidized or reduced plastoquinone pool (the conditions also called state 1 or state 2), respectively 25 . After mild cell disruption, we carried out the sequential centrifugation to purify the membranes with the lowest density, typically stroma lamellae. We confirmed the membrane thickness of the isolated membranes by using atomic force microscopy (AFM), which can assess the height of samples in nanometer scale. AFM analysis indicated that the average thickness of the membranes isolated from cells in state 1 and state 2 was 14.8 6 0.6 and 14.5 6 1.2 nm, respectively (Fig. S1 ). These were in agreement with the thickness of the unstacked thylakoid membrane comprised of a vesicle 26 . Although the distinction between grana and stroma lamellae in C. reinhardtii is not as evident as that of higher plants, AFM analysis verified that the membranes to be analyzed in this work were stroma lamellae. FCS measurements of the CBPs in thylakoid membranes. FCS measurement is essentially based on photon-counting experiments, in which the change in fluorescence signal from a diffraction-limited illuminated volume reflects the change in the number of fluorescent molecules within that volume 18 . Thus, FCS is not sensitive to a photobleaching or nonfluctuating signal, which is typically originated from an immobile protein or a high background. In case of the isolated thylakoid membranes, high Chl fluorescence background would hinder the precise measurements of Chl fluorescence fluctuations. Therefore, to obtain the large Chl fluorescence fluctuations, we began FCS measurements after Chl fluorescence background became low enough to evaluate the fluctuating signals (Fig. S2 ). This method is particularly effective to distinguish mobile proteins in the immobile fractions with high fluorescence intensity 27, 28 . The effect of this method on protein diffusion should be minimal because only the diffraction-limited detection volume was illuminated with laser whose intensity was weak enough to prevent damage to the CBPs outside of that volume. Within the confocal detection volume, only the large and/or immobile protein complexes, such as PSII 29 , were photobleached as indicated by the gradual decrease in Chl fluorescence background (Fig. S2) . Therefore, we did not measure such immobile CBPs. What FCS actually measured was the other CBPs moving into and out of the fixed confocal detection volume ( Fig. 2a ) 27, 28 . These highly mobile CBPs were not affected by the weak laser illumination because the dwell time in the confocal detection volume was extremely short. On the other hand, immobile CBPs outside of the confocal detection volume would not generate any signals in FCS analysis because they did not move into that volume. As a consequence, FCS selectively measured the protein diffusion of highly mobile CBPs in thylakoid membranes.
After decreasing the fluorescence background, we measured Chl fluorescence fluctuations in the isolated stroma lamellae. The typical time-course of Chl fluorescence fluctuations was observed, suggesting that the CBP diffusion occurred in the membrane (Fig. 2b) . We could also obtain the Chl FAFs from the observed fluorescence fluctuations. By fitting the model equation to the obtained Chl FAFs, the . The broken line in (c) was measured as a negative control for the random signals observed outside of the analyzed membranes, which indicated no correlation, confirming that we did not measure protein diffusion leaked from membranes. The decay faster than 2 ms in FAFs is caused by the afterpulsing of detector 58 , which has no effect on the diffusion coefficients we observed here. The diffusion time of the CBPs in the membrane in state 1 (e) and state 2 (f) was also measured by FCS. Distribution of mobile CBPs with certain diffusion time is shown. The calculation was done by using the 30 sets of data obtained during the total of 5 min measurements in each membrane.
www.nature.com/scientificreports mean diffusion coefficient of the CBPs in state 1 membranes showed ,0.92 mm 2 s 21 (Fig. 2c) . On the other hand, by using the membranes isolated from cells in state 2, the mean diffusion coefficient showed ,2.13 mm 2 s
, nearly twofold higher than estimated in state 1 membranes (Fig. 2d) . FCS can directly measure the diffusion time, which represents the average transit time of mobile CBPs through the confocal detection volume. The results indicated that the membranes in state 1 contained a proportion of CBPs passing through the detection volume in about 10 ms or slower (Fig. 2e) . In case of state 2, however, it was mostly faster than 10 ms (Fig. 2f) . These results imply that the CBP diffusion actively occurs in the isolated stroma lamellae, and the accelerated diffusion rate in state 2 would be most likely due to LHCII phosphorylation-dependent processes. We measured the signals from outside of the membrane, in which no FAF was obtained, confirming that our FCS results did not indicate protein diffusion floating on coverglass or in buffer solution (Fig. 2c, a broken line) .
LHCII phosphorylation-dependent CBP diffusion. Because LHCII phosphorylation is known to regulate state transitions, we examined LHCII phosphorylation levels in the isolated stroma lamellae. The purified LHCII from each isolated membrane was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and protein phosphorylation was detected by immunoblotting using an anti-phosphothreonine antibody (Fig. 3a) . The results indicated that quantified phosphorylation levels of LHCII became high from state 1 to state 2 (Fig. 3b) . The increase in phosphorylation levels of monomeric LHCII (CP26 and CP29) was also evident, especially pronounced for CP29, which is known to be essential for LHCII association with PSI in state 2 30, 31 and thus considered to be redistributed during state transitions 9, 16 . Therefore, the result implied that the CBP mobility in stroma lamellae was affected by the phosphorylation levels of not only trimeric LHCII but also monomeric LHCII (CP26 and CP29).
Since LHCII phosphorylation is regulated by the Stt7 kinase 4 , we next investigated the CBP diffusion by using thylakoid membranes isolated from the stt7 mutant. The stroma lamellae were purified from the stt7 mutant similarly as described above. FCS measurements were also performed in the same experimental condition as described above. By using the stroma lamellae of the stt7 mutant, we could obtain the FAFs, suggesting that there was certain protein diffusion occurring in this mutant as well. By fitting the model equation to the obtained Chl FAFs, we determined the mean diffusion coefficient of (Fig. 4a) , which was comparable to the results obtained using wild type in state 1 (Fig. 2c) . The observed diffusion time of the stt7 mutant was mostly around 10 ms or slower (Fig. 4b) , which was also similar to the results obtained using wild type in state 1 (Fig. 2e) . These results confirmed that the accelerated CBP diffusion observed in stroma lamellae in state 2 did not occur without LHCII phosphorylation.
It is well-known that the chemical treatments to induce state transitions are effective to observe the energy redistribution in C. reinhardtii 25 , but we were not sure how these treatments affected the protein diffusion in thylakoid membranes. To confirm whether chemical treatments used in this work caused any possible artifacts to the observed CBP diffusion, we performed FCS measurements by using the stt7 mutant treated with DCMU or CCCP. The results indicated no apparent effect on the CBP diffusion by the chemical treatments (Fig. S4) . The diffusion coefficients observed in the membranes with chemical treatments were similar to the results obtained without the treatments. These results strongly suggested that chemical manipulation of the redox condition of plastoquinone was not efficient enough to change the protein diffusion with deficiency of Stt7, implying that LHCII phosphorylation is highly required for the acceleration of the CBP diffusion in stroma lamellae. We also confirmed that the acceleration of the CBP diffusion occurred in the membranes isolated from the wild-type cells incubated anaerobically in the dark (Fig. S5) , which is an alternative method to induce state 2 condition in C. reinhardtii 32 . This also verified the acceleration of the CBP diffusion caused by another LHCII phosphorylation-induced condition. Therefore, the accelerated CBP diffusion observed in stroma lamellae in state 2 was not an artifact by the chemical treatments but LHCII phosphorylation-dependent protein diffusion.
Discussion
According to the previous studies, LHCII phosphorylation in thylakoid membranes causes its lower and higher affinity to PSII and PSI, respectively [33] [34] [35] , inducing LHCII migration from grana to stroma lamellae 13 . By using FCS, we showed that LHCII phosphorylation causes acceleration of the CBP diffusion in stroma lamellae. The observed CBP diffusion reflects most likely LHCII diffusion for the following reasons: i) LHCII is the most abundant CBP in thylakoid membranes 36 ; ii) we analyzed the CBP diffusion in the purified stroma lamellae, where PSII is less abundant than PSI 37 ; iii) the observation of PSI fluorescence by FCS is limited due to the very short fluorescence lifetime at room temperature 38 , so the effect of PSI on diffusion analysis would be minimal; and iv) even if the two photosystems are present, the slow or immobile protein diffusion of such large protein complexes is excluded from our FCS analysis (Fig. S2) . Although the drawback of FCS is its incapability to detect slow protein diffusion, we utilized it as an effective filter to selectively evaluate highly mobile proteins, such as LHCII in thylakoid membranes.
We should mention, however, that the diffusion coefficients of LHCII determined by our FCS analysis are about two-order of magnitude higher than the ones previously observed by using single particle tracking 39 . This could imply that there are at least two different diffusion rates for the LHCII mobility-the fast one can be observed by FCS, but the other was too slow diffusion to be measured by FCS. It is also possible that such differences are due to the labeling of LHCII with a 0.8-mm diameter bead used by single particle tracking technique, which is roughly 100 times larger than a trimeric LHCII 40 . In our case, we simply observed Chl fluorescence fluctuation, so our estimation of the diffusion coefficients by using FCS should reflect the innate condition for protein diffusion. We would also like to mention that diffusion analysis by measuring the rate of fluorescence recovery after photobleaching is different from our FCS analysis in terms of spatiotemporal resolution. It has been known that FCS is better suited to fast protein movements on a scale lamellae. LHCII isolated from the stroma lamellae in state 1 (S1) and state 2 (S2) was used. (a) The representative result of the immunoblotting using an anti-phosphothreonine antibody was shown. Proteins were normalized to the protein amount of LHCII. The protein amount of CP26 and CP29 was also determined by immunoblotting. Each band for S1 and S2 was derived from the same samples on the same experiment. The blots for each protein were cropped for clarity. The full length run of the blot is shown in Fig. S3. (b) The phosphorylation levels of CP26, CP29, and LHCII determined by immunoblotting were quantified using ImageJ software. Values are means of five independent experiments (6SD) and normalized to the highest value obtained in each immunoblotting. of microseconds [19] [20] [21] 41 . Thus, it is common that the protein diffusion observed by FCS cannot be observed by fluorescence recovery after photobleaching technique, especially in case of measuring high Chl fluorescence, which generates too much difference in fluorescence intensity after photobleaching to detect low signals originated from small and highly mobile proteins 42, 43 .
It is well-defined by the Stokes-Einstein equation (equation 4 in
Methods) that smaller molecules move faster than larger ones. If so, one of the possible reasons for the acceleration of the CBP diffusion observed in state 2 would be the dispersal of monomeric LHCII from grana to stroma lamellae. As suggested previously, LHCII phosphorylation causes the dissociation of LHCII, migrating from grana to stroma lamellae 7 . The dissociating LHCII includes not only trimeric LHCII but also monomeric LHCII (CP26 and CP29) 8 . We observed the phosphorylation levels of monomeric LHCII increased in state 2 stroma lamellae (Fig. 3) , which is consistent with previous studies 9 . Therefore, accelerated CBP diffusion observed in state 2 could reflect the increase in the number of monomeric LHCII in the stroma lamellae. This observation is reasonable because monomeric LHCII functions as the linker between trimeric LHCII and PSI 9, 30 , so the number of monomeric LHCII has to be increased in stroma lamellae, where the formation of PSI-LHCI-LHCII supercomplex occurs in state 2 10, 11 . This supercomplex formation is another possible reason for the accelerated CBP diffusion as it decreases the excluded volume and generates more available spaces for mobile proteins [44] [45] [46] . Because dynamic protein-protein interactions regulate processes for the optimization of photosynthesis 47 , the spatial availability in the membrane is the important factor to efficiently regulate the supercomplex formation. Therefore, the accelerated CBP diffusion observed by our FCS measurements could indicate the increase in the spatial availability in stroma lamellae. These observations suggest that the membrane condition of stroma lamellae is extremely fluid, where the rate of protein diffusion is readily modulated by LHCII phosphorylation. Such mobile conditions of stroma lamellae might be advantageous for molecular interactions efficiently taken place to regulate photoacclimation mechanisms.
Since thylakoid membranes inside cells are far more complex and heterogeneous in terms of the length, thickness, protein composition and organization, it would be challenging to discern the changes in protein mobility in vivo. In this work, we demonstrate the LHCII phosphorylation-dependent CBP diffusion at the single-molecule level by the combination of the membrane purification and the measurement of protein diffusion in the membranes. Although it is currently impossible to measure the protein mobility of each one of the different membrane proteins simultaneously, we could show the existence of highly mobile CBPs in stroma lamellae, which were under control of LHCII phosphorylation. Flexibility of thylakoid membrane protein organization has shown to be important for not only state transitions but also the switch between linear and cyclic electron flows 48 , excess light energy dissipation mechanism 49 , and PSII repair mechanism 50 . Therefore, further investigations of the protein mobility in thylakoid membranes would deepen our understanding for the flexible machinery of chloroplast light-harvesting system.
Methods
Strains and growth condition. C. reinhardtii wild type strain 137c and the stt7 mutant (a kind gift from J.-D. Rochaix, University of Geneva) were grown in Trisacetate-phosphate liquid media 51 under low light (,20 mmol photons m 22 s
21
) at 23uC. Induction of state transitions was done as described previously 8, 25, 32 .
Isolation of stroma lamellae. The procedure to isolate thylakoid membranes was essentially the same as described previously 8 , except for the following. After mild cell disruption in MS buffer (25 mM MES, pH 6.5/NaOH, 0.33 M sucrose, and 1.5 mM NaCl) by using BioNeb system (Glas-Col) at 10 kgf/cm 2 on ice, thylakoid membranes were subjected to sucrose cushion centrifugation (0.33/1.3/1.8 M sucrose with 25 mM MES, pH 6.5/NaOH, 1.5 mM NaCl) at 131,500 3 g for 30 min at 4uC. The membranes concentrated in the upper phase (between 0.33 M and 1.3 M sucrose) were collected. After dilution with MS buffer, the collected membranes were centrifuged at 27,000 3 g for 10 min at 4uC once. The supernatant was collected and centrifuged again at 27,000 3 g for 30 min at 4uC. The obtained pellet was resuspended and used in this work. For AFM and FCS, the obtained membranes were diluted with filtered MES buffer (25 mM MES, pH 6.5/NaOH) and centrifuged at 27,000 3 g for 10 min at 4uC once. The Chl amount was measured by Porra method 52 , and the Chl concentration of the membranes was adjusted to 0.25 mg Chl/mL by using filtered MES buffer. The membranes were used immediately for AFM and FCS sample preparation without freeze-thaw.
LHCII purification and phosphorylation analysis. Purification of LHCII was done as described previously 9 . Immunoblotting was performed as described previously 53 . Antibodies were kindly given by Dr. J. Minagawa at National Institute of Basic Biology (anti-CP26 and anti-CP29) 9 and Dr. M. Hippler at University of Münster [anti-LHCII (LhcbM6) 54 ]. A commercially available antibody was used for antiphosphothreonine (Cell Signaling).
AFM.
A mica disc attached to a slide glass using a two-component araldite glue (Devcon Epoxy; ITW) was used as a support. The freshly cleaved mica surface was immediately covered by 40 mL of adsorption buffer (10 mM Tris, pH 7.3/HCl, 150 mM KCl, 20 mM MgCl 2 ) as described previously 55 . Then, 20 mL of freshly prepared thylakoid membrane solution (0.25 mg Chl/mL) was added to the adsorption buffer on the mica surface and incubated for 10 min. The mica surface was gently rinse with 1 mL of MilliQ water and blown by nitrogen stream to remove excess water. AFM images were acquired by using a commercial MFP-3D Stand Alone AFM in tapping mode in air (Asylum Research). Silicon cantilevers with a length of 240 mm (k 5 2 N/m; OMCL-AC240TS-C2, Olympus) were used. AFM data were analyzed by using the Asylum Research AFM IGOR Pro software (Wavemetrics). Averaged height was calculated from the membrane areas of at least 50 mm FCS. The bottom surface of an 8-well chambered coverglass (Nunc) was covered by 40 mL of adsorption buffer as described above. Then, 20 mL of freshly prepared thylakoid membranes (0.25 mg Chl/mL) were added to the adsorption buffer on the coverglass surface and incubated for 10 min. The surface was gently rinsed with 500 mL of MilliQ water once and then covered with 40 mL of recording buffer (10 mM Tris, pH 7.3/HCl, 150 mM KCl). The membranes attached to the coverglass surface were observed by using a LSM510 ConfoCor2 confocal laser scanning microscope (Carl Zeiss). We used the membranes with the equal size for each measurement. Chl pigments in the isolated membranes were excited at 633 nm with a CW He-Ne laser (,2 mW) through a water immersion objective lens (CApochromat, 40 3 1.2 NA, Carl Zeiss), and the emission was detected through a 650-nm longpass filter.
FCS measurements of the CBPs in the membranes and the data analysis were done as described previously 56 . Briefly, Chl FAFs [G(t)] were calculated as:
where t, I(t), and G(t) indicate time delay and fluorescence intensity, respectively. The acquired G(t) values were fitted using a one-, two-, or three-component model:
where F i and t i are the fraction and diffusion time of component i, respectively; N is the average number of Chl fluorescent molecules existed in the excited confocal detection volume defined by the radius w 0 and the length 2z 0 ; and s is the structure parameter representing the ratio s 5 z 0 /w 0 . The s was calibrated using the published diffusion coefficient (280 mm 2 s
21
) of Cy5 in solution at room temperature 22, 23 . The confocal pinhole diameter was adjusted to 70 mm to minimize the confocal detection volume. The excitation laser power was adjusted so that high enough signal-to-noise ratio was obtained for diffusion analysis, and the photobleaching of Chl pigments was also minimized. Chl fluorescence fluctuations were measured for 10 s sequentially. We measured at least 5 different membranes, and the data were collected from the total of ,5 min measurement (i.e. the 30 data sets were obtained for each sample). For all experiments, the control measurement at the blank region near the analyzed membrane was also done to confirm no leak of CBPs from membranes into the buffer solution (Fig. 2c) . All measured Chl FAFs were fit with the software installed on the ConfoCor2 system using the model described above. To estimate diffusion coefficients, FAFs of CBPs in the membranes were fit to a one-or two-component model (i 5 1 or 2) with additional triplet or blinking terms. Chl FAFs of the solubilized LHCII in solution were well fit to a one-component model (i 5 1). For two-dimensional fitting, the structure parameter was set to 1000 or much higher values 41, 57 . Chl FAFs obtained from the membrane contained the signal for fast blinking, which corresponds to apparent diffusion coefficients higher than 30 mm 2 s 21 (faster than that of purified LHCII in buffer solution). Thus, the apparent fast blinking signal was excluded from the statistical analysis. Data containing photobleaching resulting from immobile membrane proteins were excluded from the diffusion analysis as described previously 27, 28 (see also Fig. S2 ). The diffusion time, t, for the component i is related to the translational diffusion coefficient D of the component i by
The diffusion coefficient of a molecule is related to various physical parameters according to the Stokes-Einstein equation, as follows:
where k B is Boltzmann constant, T is absolute temperature, g is fluid-phase viscosity of the solvent, and r i is the hydrodynamic radius of molecules. 
